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Summary
• The ability of fluorescent pseudomonads and glomalean fungi to promote plant
growth has been reported many times. However, little is known of their effects on
root morphogenesis. Growth and root morphogenesis were compared in tomato
(Lycopersicon esculentum) plants inoculated or not with a model strain of Pseu-
domonas fluorescens (A6RI) or with the arbuscular mycorrhizal fungus Glomus
mosseae (BEG12).
• Plants were cultivated in a sandy-loam soil mixed with sand at two different ratios
(2 : 1 and 1 : 2), in gnotobiotic conditions. Plant growth was evaluated by measuring
root and shoot fresh weight, and various morphometric parameters were compared.
• Growth of control plants was less in the 1 : 2 than in the 2 : 1 soil : sand mixture,
and root morphogenesis was also significantly altered by soil:sand mixture. P. fluo-
rescens A6RI promoted plant growth and increased total root length, surface area
and volume in the more fertile soil:sand mixture (2 : 1) whereas G. mosseae BEG12
did the same in the less fertile soil : sand mixture (1 : 2).
• The relevance of differences between the two types of organisms in relation to the
environmental conditions favourable for the expression of their beneficial effects is
discussed in the context of microbial inoculation.
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Introduction
There is an increasing concern for food and environment
quality. Agricultural practices with lower chemical inputs
must therefore be developed. Microbial inoculations should
contribute to improved plant growth and health while they
reduce chemical inputs. Among the different microbial
groups which have been proposed for plant inoculation,
much attention has been given to glomalean fungi and
fluorescent pseudomonads (Weller, 1988; Lemanceau, 1992;
Gianinazzi et al., 1995; Cordier et al., 2000).
Glomalean fungi form mutualistic associations, named
arbuscular mycorrhizae (AM), with the roots of 80% of all
plant species (Smith & Gianinazzi-Pearson, 1988). Among
the benefits for the plants are improved nutrition (Ravnskov
& Jakobsen, 1995) and protection against soilborne patho-
gens (Sharma et al., 1992; Cook et al., 1995; Barea et al.,
1996). Although growth promotion by AM fungi has been
known for many years, the impact of these fungi on root
architecture has only been described for a few select host-plant
species over the last decade (Berta et al., 1990; Schellenbaum
et al., 1991; Hooker & Atkinson, 1992; Berta et al., 1995;
Forbes et al., 1996; Norman et al., 1996). Changes frequently
include a more extensive and branched root system, with a
larger proportion of smaller diameter, higher order roots
(Berta et al., 2002).
Since the 1980s, many studies have shown the ability of
several isolates of fluorescent pseudomonads to promote plant
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growth (Burr et al., 1978; Bakker et al., 1987; Lifshitz et al.,
1987; Glick, 1995). Kloepper & Schroth (1981) have pro-
posed calling bacteria associated with roots that produce a
beneficial effect on the host-plant ‘Plant Growth Promoting
RhizoBacteria’ (PGPR). By contrast with AM, changes
induced by PGPR bacteria have been only studied so far in
terms of fresh and dry weight, and root length. Only a more
accurate investigation of morphometric data can give infor-
mation on root architecture. Such an analysis can provide
relevant information about the beneficial effects of microbial
inoculants and their consequences to plant growth and health.
The aim of this study was to compare the beneficial effect
of a PGPR fluorescent pseudomonad strain and of a gloma-
lean fungal strain on tomato growth and on its root growth
and development using morphometric analysis combined
with image analysis. Furthermore, since microbial inocula-
tions will have to be applied to plants cultivated in various
growth conditions, the impact of the bacterial and AM strains
on the morphometric parameters measured was compared in
two different soil mixtures.
Materials and Methods
Microorganims and microbial inoculants
Pseudomonas fluorescens A6, deposited in the Collection
Française de Bactéries Phytopathogènes (CFBP, Angers,
France) under the number CFBP2392, was isolated from
bean rhizosphere (Phaseolus vulgaris L.) and was shown to
suppress damping-off (Lemanceau & Samson, 1983) and
root rot (G. Berta et al., unpublished). A rifampicin resistant
mutant (A6RI) of the strain A6 was obtained by plating on
King’s B agar (KB) (King et al., 1954) supplemented with
rifampicin (100 µg ml−1). Cultures of bacterial cells, grown in
Luria-Bertani broth medium (Miller, 1972) supplemented
with rifampicin (100 µg ml−1), were stored at −80°C in 50%
glycerol. P. fluorescens A6RI inoculant was produced on KB
agar plates at 28°C for 48 h. Bacteria were scraped from the
medium and suspended in 0.1 M MgSO4 7H2O, pelletted
by centrifugation (4000 g, 20 min), washed twice and
suspended in 0.1 M MgSO4 7H2O. The bacterial density of
the suspension was determined using a calibration curve
assessed by turbidity (λ = 600 nm) and adjusted to 107 colony
forming units per ml (cfu ml−1).
Glomus mosseae BEG12 was shown to suppress root rot of
tomato due to Phytophthora parasitica (Trotta et al., 1996;
Cordier et al., 1998). Mycorrhizal inoculum, obtained from
Biorize (Dijon, France), was prepared by mixing, with quartz
sand, leek roots infected with G. mosseae BEG12.
Treatments and plant growth conditions
A sandy-loam soil from Grugliasco (Torino, Italy) was steam
sterilized at 100°C for 60 min and again for 30 min 3 d later,
and mixed with sterile quartz sand (0.2–0.7 mm) at two
different ratios 2 : 1 and 1 : 2 (v/v). Each soil : sand mixture
was distributed in 80 containers (600 ml). Tomato seeds
(Lycopersicon esculentum Mill. cv. Early Mech), kindly
provided by Petoseed (Peto Italiana, Parma, Italy), were
surface sterilized by gently shaking them in a 5% NaClO
solution for 3 min and rinsed successively six times for 5 min
and four times for 20 min in sterile demineralised water. The
seeds were pregerminated on moist sterile filter paper at 24°C
for 5 d. One germinated seed was sown in each container. For
each soil : sand mixture, 20 containers were uninoculated
(control), 40 were inoculated with A6RI, and 20 with
BEG12. Inoculation of P. fluorescens A6RI was performed by
dipping the germinated seeds for 20 min before sowing in a
bacterial suspension (107 cfu ml−1). Inoculation of G. mosseae
BEG12 was performed by incorporating 10% (v/v) of the
inoculum-quartz sand mix into the culture substrate. The
plants were cultivated in a growth chamber at 16/8 h light/
dark photoperiod, 24/20°C light/dark thermoperiod, 150 µE
m−2 s−1 light irradiance at pot height and 60% rh. They were
watered to saturation with a modified Long Ashton nutrient
solution three times per week (Trotta et al., 1996).
Quantification of root colonisation by P. fluorescens 
A6RI and root infection by G. mosseae BEG12
Bacterial densities on roots were assessed 0, 7, 14, 21 and 28 d
after sowing. On each sampling date and for each soil : sand
mixture, whole rootlets (day 0) and root systems (days 7, 14,
21 and 28) were aseptically cut from five germinated seeds
and five plants, respectively. Soil loosely adhering to roots was
removed by gently washing the roots with sterile water.
Rootlets and roots were then vortexed for 15 min in MgSO4
7H2O buffer (0.1 M). Suspensions obtained were serially
diluted and plated on solid KB supplemented with rifampicin
(100 µg ml−1). After incubation for 48 h at 25°C, the num-
bers of cfu were determined and expressed per gram of root
fresh weight. Mycorrhizal infection was evaluated, according
to Trouvelot et al. (1986), 21 and 28 d after sowing on five
plants per sampling date and soil : sand mixture, after having
assessed plant growth and root architecture.
Quantification of plant growth and root 
morphogenesis characterization
Plant growth and root architecture were assessed 7, 14, 21 and
28 d after sowing for five plants per soil : sand mixture.
Parameters measured to quantify plant growth were root
and shoot fresh weight. Variables used to characterize root
architecture were total root length, total root surface area,
total root volume, number of root tips and root branching
degree represented by root tip number divided by total root
length. For this purpose, whole root systems were put in a
transparent container and digitised by using a Desk Scan II
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scanner (Régent Instrument Inc., Quebec, Canada)
connected to a Power Macintosh 4400/200 computer (Apple
Computer Inc., Cupertino, CA, USA). Digitised root
images were analysed by MacRhizo V 3.9 software (Régent
Instrument Inc., Quebec, Canada) and total root length,
surface area and volume, number of tips and root system
branching were evaluated.
Statistical analysis
Since populations of bacteria approximate an exponential
normal distribution (Loper et al., 1985), bacterial density
values were logarithmically transformed before analysis.
Nontransformed and transformed values were submitted to
ANOVA and then Fisher’s least significant test (P = 0.05)
using a Statview statistics package (SAS Institute Inc., Cary,
NC, USA). Regression analysis of plant growth has often been
applied to weight (Causton & Venus, 1981); in this paper we
have applied it to total root length. Total root length analysis
as a function of time was explored using curve fitting methods
by Systat 5.2.1. (Systat Software Inc., Richmond, USA). Linear
(y(t) = mt + c) and exponential (y(t) = b exp (dt) regressions
were performed; m and c in the linear regression, and b and d
in the exponential regression are constants, t is time. The fit
of the data to the regression curves was compared by ANOVA.
P-values corresponding to the best fits for each group of data
have been indicated. All experiments were duplicated, and the
results shown represent one representative experiment.
Results
Survival of P. fluorescens A6RI and G. mosseae BEG12
Survival of the bacterial strain in the rhizosphere of tomato
plants grown in the two soil conditions differed significantly
(Fig. 1). Densities of the introduced bacterial strain A6RI
were significantly higher in the rhizosphere of tomato grown
in the 1 : 2 than in the 2 : 1 soil : sand mixture. In the 1 : 2
soil : sand mixture, the bacterial density increased during the
first week and then decreased the two following weeks to
finally reach a plateau (3.16 × 106 cfu g−1). By contrast, in the
2 : 1 soil : sand mixture, the bacterial density decreased all
through the experiment down to 2.34 × 104 cfu g−1. The
mycorrhizal infection rates recorded in the soil : sand
mixtures at days 21 and 28 did not differ significantly. For
these two dates, the rates of mycorrhizal infection were
significantly higher in the 1 : 2 soil : sand mixture (29% and
40%, respectively) than in the 2 : 1 soil : sand mixture (1%
and 2%, respectively).
Effect of P. fluorescens A6RI and G. mosseae BEG12 on 
plant growth
Because the effects of the microbial inoculants on plant growth
and root morphogenesis were only significant 21 and 28 d
after inoculation, and were not significantly different between
these two dates, only observations made at day 28 are presented.
Photos of the root systems show that; roots of the un-
inoculated plants (control) had a greater development in
2 : 1 than in 1 : 2 soil : sand mixture; and that P. fluorescens
A6RI and G. mosseae BEG12 positively affected root develop-
ment in soil : sand mixture 2 : 1 and 1 : 2, respectively
(Fig. 2). More precisely, growth of the uninoculated plants
was significantly higher in the 2 : 1 than in the 1 : 2 soil : sand
mixture indicating that the first soil : sand mixture was more
fertile than the second (Fig. 3a,b). P. fluorescens A6RI signifi-
cantly enhanced root and shoot fresh weight of plants only
when cultivated in the soil : sand mixture containing the
higher rate of soil (2 : 1), whereas G. mosseae BEG12 did only
in the soil : sand mixture containing the lower rate of soil
(1 : 2) (Fig. 3a,b). Overall growth of plants cultivated in the
1 : 2 soil : sand mixture was drastically reduced compared to
that of plants cultivated in the 2 : 1 soil : sand mixture except
for mycorrhized plants showing a growth not significantly dif-
ferent from the 2 : 1 control.
Effect of P. fluorescens A6RI and G. mosseae BEG12 on 
root morphogenesis
Root morphogenesis was characterized by measuring: total
root length; total root surface area; total root volume; num-
ber of root tips; and root branching. The corresponding
values measured on 28-d-old-plants are shown in Table 1.
P. fluorescens A6RI significantly increased total root length, total
root surface area and total root volume in the 2 : 1 soil : sand
mixture, whereas G. mosseae BEG12 significantly increased
these parameter values in the 1 : 2 soil : sand mixture
(Table 1a–c). The promotion of total root length, surface area
and volume by G. mosseae BEG12 recorded in this last soil
condition was significantly higher than those by P. fluorescens
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Fig. 1 Survival of Pseudomonas fluorescens A6RI in the rhizosphere 
of tomato plants grown in soil mixed with sand at two different ratios 
(2 : 1 and 1 : 2). For the same date, means designated with the same 
letter are not significantly different (P ≤ 0.05) according to Fisher’s 
least significant difference test.
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A6RI recorded in any of the two soil conditions. Number of
root tips was significantly higher in plants grown in the 2 : 1
than in the 1 : 2 soil : sand mixture and microbial inoculations
did not affect significantly these numbers. Root branching
degree tended to be reduced mostly by BEG12. This decrease
being only significant in the 1 : 2 soil : sand mixture (Table 1e).
Data on growth kinetics of total root length (data not
shown) were compared to mathematical models. The models
that best fitted the data differ according to the plant growth
conditions. In soil : sand mixture 2 : 1, total root length
increased quickly with time in inoculated plants (Fig. 4b–c).
These growth kinetics were quite well fitted by an exponential
curve (P = 0.169 and 0.149, respectively) whereas this model
did not reproduce correctly the growth kinetic of total root
length in uninoculated plants (P = 0.061). In the 1 : 2
soil : sand mixture, growth kinetic of total root length growth
was well described by a linear regression (P = 0.197) in con-
trast with uninoculated plants (P = 0.01). For these control
plants, total root growth recorded at 28 d is specially far
from a linear behaviour. Data recorded in mycorrhized plants
were only fitted by an exponential curve. This fit was very poor
(P = 0.22 × 10−7) but still higher than that of a linear model
(Fig. 4f ).
Discussion
The effects of G. mosseae (BEG12) and of a strain of P.
fluorescens (A6RI) on plant growth and root morphogenesis
Fig. 2 Root systems of tomato grown in soil 
mixed with sand at two different ratios (2 : 1 and 
1 : 2), and either noninoculated (control), 
inoculated with Pseudomonas fluorescens A6RI 
or with Glomus mosseae BEG12.
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were assessed in a soil mixed with sand at two different ratios
(2 : 1 and 1 : 2).
Uninoculated plants cultivated in the 2 : 1 soil : sand
mixture showed significantly higher root and shoot growth
than when cultivated in the 1 : 2 soil : sand mixture. Besides
reduced plant growth, root morphogenesis was also strongly
altered by soil mixture. Total root length increased signifi-
cantly faster in the 2 : 1 than in the 1 : 2 soil : sand mixture
as indicated by regression analysis of growth. Kinetics of
growth were exponential and linear, respectively. Conse-
quently, the total root length at the end of the experiment was
higher in the 2 : 1 soil : sand mixture. Similarly, the root
surface area, root volume and number of root tips were sig-
nificantly greater in the mixture with the higher soil content.
P. fluorescens A6RI promoted plant growth in the 2 : 1 but
not in the 1 : 2 soil : sand mixture, despite its higher survival
in the latter condition. These data suggest that bacterial
activity differed in the rhizosphere according to plant growth
conditions. Plant growth promotion by fluorescent pseudom-
onads has been ascribed to the suppression of deleteri-
ous microorganisms depressing plant growth and/or to direct
effect on the plant physiology (Weller, 1988; Kapulnick,
1996). The plant growth promotion by P. fluorescens A6RI
in the 2 : 1 soil : sand mixture belongs to the second type
since it was recorded in gnotobiotic conditions in the absence
of any deleterious microorganisms. Although direct bene-
ficial effects on plant growth by specific fluorescent
pseudomonads have often been described, little attention has
been given to the possible impact of the environmental
conditions on them. Results of the present study suggest that
variations of these conditions, which clearly affect plant
growth promotion by P. fluorescens A6RI, could account for
the lack of consistency of the direct beneficial effect of fluo-
rescent pseudomonads which has been frequently reported
(Schippers et al., 1987).
Besides promoting plant growth, P. fluorescens A6RI
increased the total root length and its growth rate, the total
root surface area and root volume, but did not modify
significantly either the number of root tips or the root branch-
ing. As for plant growth promotion, these effects on root
architecture were only recorded in the most favourable growth
conditions.
The observation of the beneficial direct effect on tomato
growth by P. fluorescens A6RI only in the more fertile condi-
tion suggests that this effect is not related to improved plant
nutrition as described for other strains (Lemanceau, 1992).
Fig. 3 Fresh root weight (a) and shoot weight (b) of tomato grown 
in soil mixed with sand at two different ratios (2 : 1 and 1 : 2), and 
inoculated or not (control, open columns) with either Pseudomonas 
fluorescens A6RI (diagonal hatched columns) or Glomus mosseae 
BEG12 (verticle hatched columns). Means designated with the same 
letter are not significantly different (P ≤ 0.05) according to Fisher’s 
least significant difference test.
Table 1 Effect of Pseudomonas fluorescens A6RI and of Glomus 
mosseae BEG12 on total root length (a), total root surface area (b), 
total root volume (c), number of root tips (d) and root branching 
degree (e) of tomato when grown in soil mixed with sand at two 
different ratios (2 : 1 and 1 : 2). Means designated with the same 
letter are not significantly different (P ≤ 0.05) according to Fisher’s 
least significant difference test
Soil : sand 
2 : 1 1 : 2
(a) Total root length
Control 716.69b 79.33d
A6RI 1229.03a 130.46d
BEG12 869.56b 404.85c
(b) Total root surface area
Control 138.58c 14.42e
A6RI 229.57a 26.65e
BEG12 186.01b 80.04d
(c) Total root volume
Control 2.14b 0.29d
A6RI 3.43a 0.44d
BEG12 3.18a 1.28c
(d) Number of root tips
Control 1668.75a 184.50b
A6RI 1671.33a 181.40b
BEG12 783.50ab 181.40b
(e) Root branching degree
Control 2.48a 1.94a
A6RI 1.38ab 1.34ab
BEG12 0.99ab 0.44b
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The type of modifications of root morphogenesis, especially
root elongation, induced by P. fluorescens A6RI suggest that
they could be related to IAA synthesis as described with the
strain P. putida GR12-2 (Glick, 1995). Although synthesis of
IAA by P. fluorescens A6RI was demonstrated in vitro (data not
shown), this hypothesis remains to be checked in vivo.
By contrast to P. fluorescens A6RI, G. mosseae BEG12 only
promoted plant growth in the less fertile soil : sand mixture
(1 : 2). This plant growth promotion was so strongly
expressed that plants cultivated in the less fertile condition
showed a growth not significantly different from that of un-
inoculated plants grown in the most fertile soil : sand mixture.
The variation of the beneficial effect of G. mosseae BEG12
upon the growth conditions was well related to the level of
mycorrhization. This level was a lot higher in the 1 : 2 than in
the 2 : 1 soil : sand mixture. These data agree with those of
previous studies showing that mycorrhization rate varies with
the soil fertility and especially with the soil phosphorus
content (Berta et al., 1990; Bruce et al., 1994; Bryla & Koide,
1998). In our experimental conditions, the highest dilution of
soil with sand (1 : 2) probably led to a reduction of phospho-
rus content which could account for the high rate of mycor-
rhizal infection seen in this soil : sand mixture.
Together with the increased plant growth, total root
length with time was significantly increased by G. mosseae
BEG12 in the less fertile condition and fitted an exponential
growth model whereas a linear model best fitted the growth
kinetics of the uninoculated plants. Consequently, under
this condition, G. mosseae BEG12 significantly increased
total root length (5.1 times) but also root surface (5.55 times)
and root volume (4.41 times) compared to control plants. As
longer roots may have an explorative and transport function
(Fitter, 1985), we could suppose that in mycorrhizal tomato
plants the absorption function is mainly carried out by the
fungus, that supplies the plant with the extensive supple-
mentary absorbing surface of the ramifying external mycelium.
The increases induced on tomato roots by G. mosseae BEG12
are in agreement with those recorded with other plant
and AM species (Berta et al., 2002). However, G. mosseae
BEG12 did not affect the number of root tips but significantly
reduced root branching. This observation differs from that of
the effect of AM on root morphogenesis generally described
Fig. 4 Growth kinetics of total root length of 
tomato grown in soil mixed with sand at two 
different ratios (2 : 1 and 1 : 2) uninoculated 
(a and d, respectively), inoculated with 
Pseudomonas fluorescens A6RI (b and e, 
respectively) or with Glomus mosseae BEG12 
(c and f, respectively). The points with 
standard deviations indicate the mean values 
of root length measured 7, 14, 21 and 28 d 
after sowing, the curves correspond to the 
best fitted mathematical model.
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but agrees with that made by Trotta et al. (1996) on the
effect of G. mosseae on tomato grown in pure quartz sand.
Root density is generally increased in AM plants, but this
was not the case of tomato, in which it only increased total
root length. Altogether these data confirm that different
endomycorrhizas may behave in different ways as already
suggested by Berta et al. (2002). Despite the low rate of
mycorrhization in the 2 : 1 soil : sand mixture, mycorrhized
plants showed a slight but significant increase of their root
surface and volume.
Moreover, our data suggest that plant growth promotion
and modification of root morphogenesis induced by G. mosseae
BEG12 are related to improvement of the plant nutrition
since these effects were mostly recorded in the less fertile con-
dition. This hypothesis is supported by the report of Azcon
Aguilar & Barea (1996), showing that the increased total
root length and surface induced by AM improves nutrient
transport, and by the well known effect of the AM fungus
on uptake of phosphorus and other nutrients through
external hyphae and translocation to the plant (George, 2000;
Saito, 2000).
Besides promoting plant growth, the ability of the two
microbial strains to enhance root growth and to modify root
morphogenesis could improve plant health when inoculated
in the presence of soilborne pathogens. P. fluorescens A6RI and
G. mosseae BEG12 were previously described as being bio-
control agents of root rot diseases. Since the root systems of
inoculated plants appear to be larger and more voluminous,
possible pathological root rot would then have less significant
consequences to the health and growth of inoculated plants.
This hypothesis is currently being evaluated on tomato plants
infested with Rhizoctonia solani. This mode of action would
be complementary to those previously described: antagonistic
activities by P. fluorescens A6RI against soilborne pathogens
(Arias et al. unpublished data); and induced resistance of the
host-plant by G. mosseae BEG12 (Cordier et al., 1998).
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